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Method for Equalizing Gain Spectrum of Raman Erbium-Doped 

Fiber Amplifier 

Publication No.: CN1490659A 

Technical Field 

This invention relates to a Raman erbium-doped fiber amplifier technique, 
and in particular, to a method for equalizing the gain spectrum of a 
Raman erbium-doped fiber amplifier. 

Background Art 

All existing optical network systems use an optical amplifier as the relay 
unit for amplifying the signal attenuated after optical fiber transmission 
so as to make the signal transfer to the next stage. Affected by the noise 
characteristic of the optical amplifier itself, the signal-to-noise ratio of the 
signal undergone every stage of optical amplification will have a certain 
degree of degradation. Considering the requirement for signal-to-noise 
ratio at the receiving end, power-on relay is required for signal 
regeneration when the signal-to-noise ratio degrades to a certain degree. 

Conventional optical network relay unit consists of an erbium-doped fiber 
amplifier (EDFA), and lower power signal light enters the EDFA directly 
to be amplified and transferred to the next stage, The shortcoming of this 
structure is that the noise caused by EDFA is too loud, and the 
signal-to-noise ratio degrades pretty fast, thus limiting the increase of the 
cascade number, thereby limiting the distance of electroless relay 

it can be learned from the amplifier cascade theory that the noise 
characteristic of the first stage amplifier has the greatest influence on the 
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noise characteristic of the entire amplifying unit. If the signal is amplified 
first by a low noise amplifier, then the noise characteristic of the entire 
amplifying unit will be better than purely using EDFA as the relay. 

Raman fiber amplifier, thanks to its low noise characteristic, is regarded 
as the basis for achieving electroless relay long distance transmission. As 
the Raman fiber amplifier gradually matures, optical communication 
system enters a new phase. Raman fiber amplifier operates by the 
stimulated Raman scattering (SRS) effect in optical fiber. The main 
characteristics of Raman fiber amplifier are: capable of being made a 
continuous amplifier for continuous amplification in common 
communication fiber; stable in performance, bidirectional, insensitive to 
reflected light; gain range being continuously selectable, and if the pump 
light wavelength is suitable, Raman fiber amplifier can amplify light of 
any wavelength. As the gain provided to signals by the Raman fiber 
amplifier is usually about a dozen of dBs, no enough gain can be 
provided, or in other words, it is not realistic to rely only on the Raman 
fiber amplifier alone to complete the relay of an optical signal, so 
synthesizing the performance cost, a fiber amplifier of Raman and 
erbium-doped fiber hybrid structure is used in actual practice to 
implement the relay of signals. Fig. 1 is a general structure of the current 
Raman+EDFA amplifier as a relay unit, which is composed of Raman 
fiber amplifier 101, adjustable attenuator (VOA) 102 and EDFA 103, 
wherein the VOA 103 is used for adjusting the gain spectrum equilibrium. 
Experimental verification shows that the noise characteristic an amplifier 
of such structure is far better than pure EDFA of the same specification, 
thereby increasing the cascade number and greatly expanding the distance 
of electroless relay. 

In a dense wavelength division multiplexing (DWDM) system, the optical 
amplifier is required to keep the gains of various channels basically 
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consistent, or in other words, to be gain equal or gain flat. It is known to 
all that, due to the characteristic of the erbium-doped fiber per se, the gain 
spectrum of EDFA can not be flat, so a gain flat filter (GFF) should be 
included to perform equalization. Fig. 2 is a typical gain spectrum of 
EDFA without GFR To make its gain spectrum relatively flat, a matching 
GFF shall be added thereto, then the inserting loss spectrum of said GFF 
is as shown in Fig. 3. 

When the Raman-HEDFA amplifier structure is adopted, the Raman fiber 
amplifier will also introduce the unevenness of the gain spectrum. 
Currently there are main two solutions for this structure: one is that the 
Raman fiber amplifier and EDFA respectively include GFF to flat; its 
advantage is the module's strong ability to flexibly combine, but the 
number of GFFs is increased, thereby incurring more additional loss and 
reducing the performance, as well as increasing cost. Therefore, the other 
solution is usually adopted. Although this other solution also respectively 
designs the Raman fiber amplifier and EDFA, the gain spectrums of the 
two amplifiers are added together to flat, and in this solution it is usual to 
put GFF in EDFA. Fig. 4 shows the inserting loss spectrum of the GFF 
designed according to said solution for the two wavelength pump Raman 
fiber amplifier plus EDFA amplifier structure. However, this module 
design has the defect of isolating the gain spectrum of the Raman fiber 
amplifier from the gain spectrum of EDFA to be considered separately, 
thus resulting in the gain spectrums of the Raman fiber amplifier and 
EDFA being superposed to become steeper. It can be seen from the 
comparison between Fig. 3 and Fig. 4 that the depth of GFF is increased 
by approximately 2 dBs. To the GFF manufacturer, the deeper and steeper 
the curve is, the harder the design will be, and so are the production and 
supervision, and the cost will be higher, while the product characteristics 
such as eiTor function and additional loss will be worse; for the GFF user, 
the GFF is not easy to replace but is high in price and low in performance. 
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In particular, even if the performance of GFF does not change, the 
increase of the intrinsic inserting loss of the amplifier also incurs waste of 
power and degradation of noise characteristic. 

Contents of the Invention 

In view of the above, the purpose of this invention is to provide a method 
for equalizing the gain spectrum of the Raman+EDFA amplifier, being 
able to make the gain spectral line of the Raman+EDFA amplifier more 
flat, decrease the depth of GFF and improve the producibility of GFF, 
thereby reducing the internal inserting loss, noise, power consumption of 
the amplifier and the cost thereof. 

To achieve the above purpose, the technical solution of this invention is 
carried out in the following way: 

A method for equalizing the gain spectrum of a Raman erbium-doped 
fiber amplifier, being applicable to the Raman fiber amplifier having at 
least two or more pumps of different wavelengths, and including the 
following steps: 

a. invert the gain spectral line of the erbium-doped fiber amplifier, 
translate at equal ratio to the range of position where the gain spectral line 
of the Raman fiber amplifier locates, and set the translated gain spectral 
line as a target curve; 

b. determine the number of pumps of the Raman fiber amplifier and the 
wavelength of each pump on the basis of the target curve, requirement for 
precision and cost, wherein the requirement for precision is to control the 
flatness of the output gain spectrum within a fixed range of gain; 
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c. determine the wavelength and power value of each pump on the basis 
of the target curve, the requirement for precision and the number of 
pumps obtained in step b; 

d. adjust the number of pumps in the Raman fiber amplifier to be the 
number of pumps determined in step b 5 and adjust the wavelength and 
power of each pump in the Raman fiber amplifier to be the wavelength 
and power value determined in step c. 

The requirement for precision stated in step b of this method is to control 
the flatness of the output gain spectrum within a fixed range of gain. 

The determination of each pump wavelength and pump power of the 
Raman fiber amplifier in step c is realized by an engineering optimization 
method that combines the simplex algorithm with the Powell algorithm, 
wherein the simplex algorithm and the Powell algorithm are combined to 
further include: 

cl . using the wavelength and power value of each pump respectively 
as the optimizing variables to construct a simplex, and using the 
simplex algorithm to optimize it; 

c2. using the Powell algorithm to further optimize the vertex 
containing the optimizing variables obtained after optimizing step cl 5 
until the performance curve obtained by the simulation algorithm on 
the optimizing variables approaches the target curve by the 
requirement for precision. 

Step cl farther comprises: using the value that at least doubles the 
optimizing variables as the number of optimizing variables to construct a 
simplex. 



5 



The performance curve approaching the target curve by the requirement 
for precision as stated in step c2 is a square error of the performance 
curve over the target curve and is small enough to fall within an 
allowable range of precision. 

In this invention, the gain spectrums of the Raman fiber amplifier and 
EDFA are taken into consideration comprehensively, and the gain 
spectrum of the Raman fiber amplifier is adjusted to be complementary 
with EDFA, so the depth of GFF is considerably reduced. To the GFF 
manufacturer, the producibility is fine, the performance is improved, and 
the cost is low; to the GFF user, the internal inserting loss of the amplifier 
module is decreased, the waste of power is reduced, the noise 
characteristic is good, and at the same time, the bandwidth is widened and 
cost is lowered to a certain extent. 

Description of Figures 

Fig. 1 is a schematic diagram of the optical relay unit of Raman+EDFA 
structure; 

Fig. 2 is the gain spectrum curve of EDFA; 

Fig. 3 is a typical GFF inserting loss spectrum for EDFA; 

Fig. 4 is a GFF inserting loss spectrum for Raman+EDFA; 

Fig. 5 is a Raman gain factor distribution chart; 

Fig. 6 is the Raman fiber amplifier gain spectrum of single pump; 

Fig. 7 is the Raman fiber amplifier gain spectrum of double pumps; 

Fig. 8 is a flow chart of the embodiment of the method of the present 

invention; 

Fig. 9 is the Raman fiber amplifier gain spectrum optimized by the 
method of the present invention in the embodiment; 

Fig. 10 is a comparison of the GFF designed according to the gain 
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spectrum optimized by the method of the present invention with the 
inserting loss spectrum of the original GFF in the embodiment. 

Mode of Carrying out the Invention 

Following are further explanation of the present invention with reference 
to the figures and the specific embodiments. 

For a Raman fiber amplifier, pump light of single wavelength can only 
effectively amplify signal light within limited range of wavelength about 
40 nm. The frequency difference between signal light and pump light is 
13 THz, and relative to the standard wavelength of International 
Telecommunications Union (ITU-T), that is to say that maximum gain is 
achieved at the place where wavelength interval is about 100 nm. Fig. 5 is 
a Raman gain factor distribution chart, wherein the ordinate is a gain 
factor proportional to the amount of gain, and the abscissa is a frequency 
difference between pump light and signal light. 

Pump light of particular wavelength is selected for the Raman fiber 
amplifier to amplify signal light of particular wave band. Fig. 6 is the 
Raman fiber amplifier gain spectrum of single pump whose pump 
wavelength is 1450 nm. It can be seen from the figure that its max gain is 
12.82 dB, min gain is 3.923 dB 5 and gain flatness is 8.896 dB. 

To achieve fairly equalized gain within the entire transmission bandwidth, 
pump light of multiple wavelengths shall be used. For example, C band, 
i.e. at least two pumps at 1427-1461 nm band, and at least three pumps at 
1427-1605 nm band. By reasonably selecting the pump wavelength to 
adjust pump power of different wavelengths, gain of signal light of 
different wavelengths can be adjusted, and this is the reason why the gain 
spectrum is adjustable, and the intrinsic advantage of Raman fiber 
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amplifier. Fig. 7 is a typical instance of a double pump wavelength 
Raman fiber amplifier gain spectrum. It can be seen from the figure that 
its max gain is 10.95 dB, min gain is 8.982 dB, and the flatness of gain 
spectrum reaches 1 .975 dB, being obviously increased compared with the 
gain spectrum curve of signal pump in Fig. 6. 

Viewing from the angle of the Raman fiber amplifier alone, this gain 
spectrum is acceptable. However, once it is cascaded with EDFA, the gain 
spectrum is found to become steeper, so the GFF in use gains more depth. 
The GFF in Fig. 4 is a good example. This is because that the overall 
effect is not taken into comprehensive consideration when designing 
Raman fiber amplifier, resulting from separating the Raman fiber 
amplifier from EDFA during consideration. When designing Raman fiber 
amplifier, full consideration shall be given to the gain spectrum to make it 
complementary with EDFA as far as possible. In other words, when 
designing the Raman fiber amplifier, the selection of the wavelength and 
power for each pump shall not consider only the gain characteristic of the 
Raman fiber amplifier itself, but should also take the EDFA connected in 
series with it into consideration. Simply put, Raman gain is small at the 
band where EDFA gain is large; and Raman gain is large at the band 
where EDFA gain is small. 

The steps of the method of the present invention are explained in detail as 
follows with C band as an example with reference to the flow chart 
shown in Fig. 8. 

Step 801; invert the gain spectrum of EDFA and translate proportionally 
to the range where the gain spectral line of the Raman fiber amplifier 
locates, obtain a target gain spectral line. 

Step 802: determine the number of pumps of the Raman fiber amplifier 
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on the basis of the shape of target curve, the requirement for precision 
and the cost. Considering that the target curve within said range of 
wavelength has two peaks, so at least two pumps of different wavelengths 
should be selected; and considering that the amplified output light still 
needs to pass through GFF to continue to flat, the precision does not have 
to be very high, so the output spectrum flatness of the Rarnan-rEDFA 
amplifier being controlled within 4 dB will be okay. Besides, to save cost 
as much as possible, two pumps of different wavelengths are enough. 

Step 803: use the engineering optimization method to determine the 
wavelengths and pow r er values of the two pumps of the Raman fiber 
amplifier, so as to make the gain spectrum of the Raman fiber amplifier 
approach the target gain spectrum as close as possible. 

Here the determination of each pump wavelength and pump power of the 
Raman fiber amplifier is realized by the engineering optimization method 
that combines the simplex algorithm with Powell algorithm. First, the 
simplex algorithm is adopted to perform initial optimization. For the 
simplex algorithm having k optimizing variables, the classical practice is: 
in a k-directional space, take k optimizing variables as one vertex therein, 
and the coordinate of this vertex is just the initial value of the respective 
optimizing variables, then construct k vertexes randomly or artificially in 
addition, thus making a simplex of k+1 vertexes altogether. The purpose 
is to make this simplex "open" in the k-directional space, e.g. the triangle 
in a two-dimensional space and the tetrahedron in a three-dimensional 
space are the most basic simplexes. However, "low-dimensional 
manifold" is easy to occur, e.g. when the three points of a triangle are 
close to a straight line, the simplex is then reduced to be one-dimensional. 
To avoid the above situation, the present invention adopts 2k vertexes to 
construct the simplex, e.g. rectangle of two-dimensional space and 
polyhedron of three-dimensional space, thus significantly diminishing the 
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possibility of dimension reduction. In this embodiment, it is supposed 
that there are n pumps, and as each pump has such two variables as 
wavelength and power, the total optimizing variables are 2n in number. It 
can be seen from above that regarding the 2n optimizing variables, the 
number of simplex vertex of the present invention is 4n instead of 2n+l. 
In this way, the calculation amount is not increased, and at the same time, 
there will be enough vertexes. Thereafter, the simplex algorithm is 
adopted to perform optimization to obtain a fairly proper optimizing point. 
This is because that the simplex algorithm has the feature of 
comprehensive and fast, but its result is a comparatively rough, being not 
precise enough. Therefore, the Powell algorithm is adopted to further 
optimize the optimizing point obtained in the simplex algorithm, until the 
performance curve obtained by the simulation algorithm on the 2n 
optimizing variables approaches the target curve by the requirement for 
precision, namely imtil the square error and being small enough to fall 
within an allowable range of precision. 

Step 804: adjust the number of pumps in the Raman filter amplifier to be 
the number of pumps determined in step 802, adjust the wavelength and 
power of each pump in the Raman filter amplifier to be the wavelength 
and power value determined in step 803. 

Fig. 9 is a comparison of the Raman fiber amplifier gain spectral line 
optimized in the embodiment with the inverted EDFA gain spectral line, 
i.e. target gain spectral line. It can be seen from Fig. 9 that the optimized 
Raman fiber amplifier gain spectral line 901 is very close to the target 
curve 902. Raman gain spectral line 901, when ensuring the absolute 
magnitude of the gain, should be consistent with the target curve 902 as 
far as possible. It can be seen from the figure dial the max gain of the 
Raman fiber amplifier is 11.00 dB, min gain is 8.829 dB, effective gain is 
about 10 dB, flatness is about 2.17 dB, and after superposing the EDFA 
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gain spectrum, the flatness reaches 3.772 dB. 

Thereafter, the desired GFF inserting loss curve is designed on the basis 
of the superposed curve of the optimized Raman fiber amplifier gain 
spectrum and the EDFA gain spectrum. 

Fig. 10 shows the inserting loss comparison of the old and new GFFs. 
The depth of the new GFF inserting loss curve 1001 is 3.8 dB, the old 
GFF inserting loss curve is 1002, namely the GFF inserting loss curve 
designed by superposing the EDFA gain spectrum with the Raman fiber 
amplifier not optimized in Fig. 4, whose depth is 7.2 dB. It is not difficult 
to see that the GFF generated by the new design scheme is far better than 
the original GFF. 

Certainly, if more pumps are adopted, the matching effect of the gain 
spectrum curve and target curve will be better, and thus the pump number 
and pump wavelength of the Raman fiber amplifier can be selected 
according to different needs, thereby better achieving gain equilibrium of 
amplifiers of Raman+EDFA structure- 
It should be noted that the above are preferable embodiments of the 
present invention only, being not used for limiting the scope of protection 
of the present invention. 
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Abstract 



This invention discloses a method for equalizing the gain spectrum of a 
Raman erbium-doped fiber amplifier, being applicable to the Raman fiber 
amplifier having at least two or more pumps of different wavelengths, 
and including the following steps: a. invert the gain spectral line of the 
erbium-doped fiber amplifier, translate at equal ratio to the range of 
position where the gain spectral line of the Raman fiber amplifier locates, 
and set the translated gain spectral line as a target curve; b. determine the 
number of pumps of the Raman fiber amplifier on the basis of the target 
curve, requirement for precision and cost; c. determine the wavelength 
and power value of each pump on the basis of the target curve, the 
requirement for precision and the number of pumps obtained in step b; d. 
adjust the Raman fiber amplifier on the basis of the results of step b and 
step e. The method of this invention can make the gain spectral line of the 
Raman erbium-doped fiber amplifier more flat in order to decrease the 
depth of GFF and improve the producibility of GFF, thereby reducing the 
internal inserting loss, noise, power consumption of the amplifier and the 
cost thereof. 
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Claims 



1. A method for equalizing the gain spectrum of a Raman erbium-doped 
fiber amplifier, being applicable to the Raman fiber amplifier having 
at least two or more pumps of different wavelengths, characterized by 
including the following steps: 

a. invert the gain spectral line of the erbium-doped fiber amplifier, 
translate at equal ratio to the range of position where the gain spectral 
line of the Raman fiber amplifier locates, and set the translated gain 
spectral line as a target curve; 

b. determine the number of pumps of the Raman fiber amplifier on 
the basis of the target curve, requirement for precision and cost; 

c. determine the wavelength and power value of each pump on the 
basis of the target curve, the requirement for precision and the number 
of pumps obtained in step b; 

d. adjust the number of pumps in the Raman fiber amplifier to be the 
number of pumps determined in step b, and adjust the wavelength and 
power of each pump in the Raman fiber amplifier to be the 
wavelength and power value determined in step c. 

2. The method according to claim 1, characterized in that The 
determination of each pump wavelength and pump power of the 
Raman fiber amplifier in step c is realized by an engineering 
optimization method that combines a simplex algorithm with a Powell 
algorithm. 
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3. The method according to claim 1, characterized in that the 
requirement for precision in step b is to control the flatness of the 
output gain spectrum within a fixed range. 

4. The method according to claim 2, characterized in that the simplex 
algorithm and the Powell algorithm further comprise: 

cl . using the wavelength and power value of each pump respectively 
as the optimizing variables to construct a simplex, and using the 
simplex algorithm to optimize it; 

c2. using the Powell algorithm to further optimize the vertex that 
contains the optimizing variables obtained after optimizing step cl, 
until the performance curve obtained by the simulation algorithm on 
the optimizing variables approaches the target curve by the 
requirement for precision. 

5. The method according to claim 4, characterized in that the step cl 
further comprises: using the value that at least doubles the optimizing 
variables as the number of optimizing variables to construct a 
simplex. 

6. The method according to claim 4, characterized in that the 
performance curve approaching the target curve by the requirement 
for precision as stated in step c2 is a square error of the performance 
curve over the target curve and is small enough to fall within an 
allowable range of precision. 
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Fig. 1 

Raman fiber amplifier 

Fig. 2 
Gain (dB) 
Wavelength (nm) 

Fig. 3 
Gain (dB) 
Wavelength (nm) 

Fig. 4 
Gain (dB) 
Wavelength (nm) 

Fig. 5 

Frequency difference 

Fig. 6 
Gain (dB) 
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Fig. 7 
Gain (dB) 
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Fig. 8 
Start 

801 Invert ED FA gain spectrum and translate the determined target 

802 Determine the number of pumps 
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803 Determine the wavelength and power of each pump 

804 Adjust Raman fiber amplifier 
End 
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